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EISOxidation and corrosion resistant hydrophobic graphene oxide-polymer composite (GOPC) coating was
fabricated on the copper by electrophoretic deposition (EPD). The GOPC coatingswere characterized by scanning,
and transmission electron microscope (SEM, TEM), thermogravimetric (TGA) and electrochemical impedance
spectroscopy (EIS). At optimal EPD conditions of operating voltage 10 V and deposition time 30s, uniform
crack free deposit with thickness 45 nm was achieved. Potentiodynamic polarization and EIS investigation
demonstrated the efﬁcacy of GOPC coating in shielding copper from corrosion under stringent environment
condition. The electrochemical degradation of GOPC coating is more than three orders of magnitude lower
than the bare copper substrate. This was due to the impermeability of GOPC coatings to ion diffusion of oxidizing
gas and corrosive liquid solution. The procedure employed is fairly facile, inexpensive and less time consuming.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Majority of industries are inherently faced with the problem of
corrosion and steps for protection of materials from corrosion has
been of large interest to them. Although many corrosion prevention
techniques are in operation, it is necessary to increase the life of the
components further. Recently nanocomposite coatings, hydrophobic
coatings and organic–inorganic hybrids have been shown to increase
the life of materials prone to oxidation/corrosion, resulting in huge
saving. Such cutting edge coatings technologies have the market
potential for wide range of applications such as marine, pipeline,
aerospace, automobiles and construction industries.
The promises shown by nanomaterials and emergence of advance
coatings technique have increased the expectation further. Producing
robust oxidation and corrosion resistant coatings are the most impor-
tant requirement by the industry, which can increase the service life of
the materials even under severe environmental conditions. Nanostruc-
tured materials engineering has enabled the possibility of designing
environmental friendly anti-corrosion coatings which can last much
longer compared to traditional coatings.
The discovery of graphene, a two dimensional one atom thick sp2
hybridized carbon nanostructure with its unique characteristic prop-
erties such as chemical inertness, thermal and chemical stability,.V. Open access under CC BY-NC-ND mechanical strength and impermeability to ion diffusion make it
very strong candidate for corrosion resistance and protective coating
on metal. However, immobilization of graphene directly on metal
surfaces is difﬁcult, further graphene has poor dispersibility in either
aqueous or nonaqueous solvents [1] poses greater challenges working
with graphene. Also, graphene sheets are chemically inert, preventing
any kind of interaction with the polymer matrices, that causes
extended ﬁller-ﬁller aggregation in composites [2,3]. On the other
hand, graphene oxide (GO) consists of a hexagonal carbon network
with both sp2 and sp3 hybridized carbons with hydroxyl and epoxide
functional group on its basal plane, and carbonyl and carboxyl groups
on the edges [4,5]. The oxygen bearing functional groups render GO
hydrophilic and dispersible in water and polymers. Hence, processing
to make GO-polymer composite materials is comparatively easier
compared to graphene. During oxidation of graphite to GO, the sp2
hybridized carbon structure is broken and develops defects by
disrupting π-π conjugation and increase the distance between adjacent
sheets of graphite from 0.335 nm to 0.68 nm (GO) [6], the increased
spacing reduces interaction between sheets, and hence easing out the
exfoliation of GO into single layer GO sheets in aqueous media. It has
been shown that GO [7] is potentially effective reinforcement [8,9] for
nanocomposite materials and used for diverge applications including
coatings, as reinforcement potentials increases linearly with ﬁller stiff-
ness and strength [10,11].
There are quite a good number of published work on GO and
GO-polymer composites, some select one are summarized brieﬂy.
Valentini et al. [12] proposed various methods for the fabrication of
transparent functional coatingswhile preserving the physical properties
such as optical transparency and electrical conductivity of the organic–
inorganic hybrid systems. Bittolo Bon et al. [13] reported solutionlicense.
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ing aqueous dispersion of alkylated GO nanosheets and PEDOT:PSS
polymer and found enhanced electrical conductivity without any detri-
mental effect on the optical transparency of the polymer. Sangermano
et al. [14] reported development of transparent conductive GO/acrylic
resin coatings by photopolymerization. GO/PEGDA nanocomposite
coatings present a good dispersion of GO sheets inside the polymer
matrix. It has been reported that after photopolymerization, the GO
ﬂakes undergo excellent conformal ﬁlling within the PEGDA cross
linked matrix. They further demonstrated that a conductive PEGDA
coating can be easily obtained by this technique by addition of GO as
low as 0.02 wt%. Santos et al. [1] reported nanocomposite coated ﬁlm
of graphene oxide and poly-N-vinyl carbazol polymer for antimicrobial
activities by electrodeposition. The antimicrobial ﬁlm was 90% more
effective in preventing bacterial colonization in comparison to the
unmodiﬁed surface. Cano et al. [11] reported functionalization of
graphene oxide and poly vinyl alcohol (PVC) to prepare paper-like com-
positematerials by vacuumﬁltration technique,which aremuch stronger
and stiffer thanGO only ormixture of GO and PVA. They have shown that
GO reinforcement is very useful to increase the strength of the composite
materials for coating andother applications. Hu et al. [15] reported simple
procedure to prepare large scale graphene papers and their mechanical
enhancement by drop casting technique on hydrophobic substrates.
The ﬁnal GO paper can be peeled off easily and the freestanding GO pa-
pers can be fabricated in large scale. This has potential applications in
many industries including coatings.
One of the well known traditional techniques for the preparation of
thin ﬁlm coating is chemical vapour deposition (CVD). CVD is a high
temperature process; growth temperature usually varies from 650 °C
to 1000 °Cdepending on carbon source and nature of substrate, requires
high vacuum andhas limitation on sample size [16,17]. Therefore, it is of
great interest to develop aqueous based environment benign practical
technique which allows fabrication of GO bearing thin ﬁlm coatings
that are simple, scalable and cost effective. Electrophoretic deposition
(EPD) technique is most appropriate where ﬁller and polymer are well
dispersed in either aqueous or organic solvents. In this regard the solu-
tion processability of GO and polymericmatrix is very smart preparation
technique of polymer composite coatings by EPD technique.
EPD is a promising technique for the fabrication of functionally graded
materials [18–20], hybrid composite materials [21,22], laminated
nanoceramics [23–25], functional and nanostructured ﬁlms and coatings
[26–28]. For the last couple of year vast arrays of new applications are
emerging, this is because EPD has important industrial application and
commercial advantages over other fabrication routes. It is a very versatile
and cost effective material processing technique, having good control
over microstructure, stoichiometry, macroscopic and microscopic
dimensions andproperties [29,30]. EPD is essentially a two step colloidal
forming process in which ﬁrstly electrostatically charged particles
suspended in a liquidmediummigrate under the inﬂuence of an electric
ﬁeld towards an oppositely charged electrode, and secondly, the charged
particles deposit/ﬂocculated on the electrode forming a relatively dense
andhomogeneous packed/bonded layer. In this process, it is very conve-
nient to increase the volume fraction of the nano reinforcement. The
process is useful for applying materials from submicrons to nanometer
scale on any electrically conductive surface. A post deposition treatment
is usually required to densify the deposits and to eliminate porosity [29].
Sometime some special post deposition treatment is required to have
some speciﬁc properties, for example, a special post deposition process-
ing with silicone ﬂuids are made to make the coated surface more
hydrophobic and water repellent. There has been growing interest in
the use of EPD technique for the fabrication of nanostructured ﬁlms
and coatings for the protection of metals from oxidation and corrosion
by providing hydrophobic coating.
The objective of this investigation is to use facile, environment be-
nign aqueous, inexpensive, room temperature EPD technique for GOPC
coating on copper. Herein GOPC coating containing GO and polymericisocyanate crosslinkedwith hydroxy functional acrylic adhesive as poly-
mermatrix is used to prepare endure oxidation and corrosion resistance
composite coating followed by post processing treatment with silicone
ﬂuids to impart water repellent hydrophobic property to have overall
enhanced protection of copper substrate from electrochemical degrada-
tion. The corrosion behavior in an accelerated laboratory condition was
evaluated by potentiodynamic polarization and EIS. The corrosion resis-
tance of GOPC coated specimen was more than three times higher than
the bare copper substrate.
2. Experimental
2.1. Raw materials
Copper foils used for this investigation was supplied by Sigma-
Aldrich, Hyderabad, India. It was used after polishing with SiC paper
and ultrasonically cleaned in distilledwater and acetone. Graphite pow-
der with purity 99% fromHimedia, Mumbai, India was used tomake GO
by modiﬁed Hummer technique [31]. In this process ﬁxed quantity of
graphite was added in conc. H2SO4 and NaNO3 solution at 0 °C. While
maintaining vigorous stirring, KMnO4 was slowly added to the ﬂask
and the temperature was kept below 15 °C. The mixture was stirred
at 35 °C until it became pasty brownish, and further diluted with
de-ionized water and stirring was continued for another 15 min. H2O2
(30 wt%) solution was slowly added into the mixture after which the
colour of the mixture changed to bright yellow. The mixture was
centrifuged and washed with 1:10 HCl solution for several times to
remove the residual metal ions. The powderwas dried at room temper-
ature in vacuum desiccators before use.
Polymeric isocyanate crosslinked with hydroxy functional acrylic
adhesive was used as polymer matrix. Hereafter polymer matrix is des-
ignated as PIHA. A methyl hydrogen silicone ﬂuid supplied by ShinEtsu
Chemical Co. Ltd, Tokyo, Japan (trade nameKF-99), was used as post de-
position treatment to improve water repellency. In addition to increas-
ing water repellency, KF-99 as post deposition treatment is expected to
exhibit good heat resistance properties, and stability against thermal
oxidation. Unless otherwise mentioned, the other reagents were of
analytical grade and were used as received. All aqueous solutions were
prepared with ultrapure water (> 18MΩ) from a Milli-Q plus system
(Millipore).
2.2. Experimental
In presence of polymer PIHA, GO acquired high positive charge and
optimum dosages of PIHA to form a stable suspension was 0.4 mg/g of
GO in aqueous medium [32]. An aqueous dispersion of graphene
oxidewas preparedwith concentration 0.01–0.1 g/lwith optimumdos-
ages of PIHA. A homogeneous aqueous dispersion of GO and polymer
was obtained by magnetically stirring the suspensions at moderate
speed for 10 min followed by ultrasonication for 20 min by Vibronic
Ultrosonic Processor (Model P2) at 200 V.
Electrophoretic deposition of well dispersed GO/PIHA system on
copper was performed using the EPD set-up as depicted in Fig. 1. Two
parallel copper plates (9 mm × 30 mm) separated by 10 mm gap
were used as the electrodes, one of themworks as depositing substrate
(cathode) and other as counter electrode. Before each deposition sus-
pension was ultrasonicated for about 20 min. EPD was performed at
constant DC voltage mode 10–30 V, employing a source meter (Model:
2410, Keithley Instruments, Inc., USA) with deposition time of 5–50 s.
The deposited samples were then carefully taken out from the suspen-
sion and allowed to dry overnight at room temperature and weighed
to determine the deposit yield. Dried GO/PIHA (GOPC) composite coat-
ing commonly known as ‘green deposit/body’ was treated with silicone
ﬂuid (KF-99) to increase the hydrophobicity (water repellency) of the
resultant coatings. Silicone ﬂuid (KF-99) was applied by brushing the
GOPC coating with ﬁne brush.
Fig. 1. A schematic of the electrophoretic deposition setup.
Fig. 2. a. FESEM image of GO by drop coat of aqueous suspension. b. TEM image of
graphene oxide nanoplatelet showing mixture of a few layers of graphene. The inset
shows the corresponding selected area diffraction pattern (SAED). c. AFM image of
(a) graphene oxide; and (b) the height proﬁle of the AFM image. d. TGA curves of
(a) pristine graphite, (b) graphene oxide, (c) GOPC coating.
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NaCl solution at ambient temperature with a three electrode electro-
chemical cell to evaluate the corrosion behavior of GOPC composite
coating samples. Electrolyte solutions were prepared with analytical
grade NaCl and Milli-Q water. The electrochemical cell consisted
of a Ag/AgCl 3 M KCl as the reference electrode, Pt wire as counter
electrode with the samples mounted in the substrate holder as the
working electrode. The area of the sample exposed to the electrolyte
was 1 cm2. The EIS was carried out between 10 mHz and 100 kHz
frequency range using a frequency response analyzer in built with a
computer controlled CHI660C electrochemical analyzer (CHI instru-
ments, Austin, TX). The amplitude of the sinusoidal voltage signal
was 5 mV. Impedance spectra was recorded at the corrosion potential
Ecorr.
2.3. Characterization techniques
The topography of GOPC coated samples was studied by Scanning
Probe Microscope images (SPM, Nano Tec, Madrid, Spain). The mor-
phology of the graphene oxide was observed by FE-SEM (SUPRA 55,
Zeiss, Germany, resolution 1 nm and accelerating voltage at 30 kV).
The transmission electron microscopy (TEM) images were recorded
using FEB TecnaiG2 20, instrument operated at 200Kv (TheNetherland)
to observe the nanoscale structures. Thickness Proﬁlometer (Make:
M.Probe SemiCon soft, New York, USA) was used to measure the thick-
ness of the GOPC coating. The thermo-gravimetric analysis (TGA) of
the materials was performed under continuous argon atmosphere on a
PerkinElmer (USA) Pyris 1 analyser. The samples were scanned from
50 °C to 700 °C at a heating rate of 10 °C/min. Graphene oxide samples
were heated from 50 °C to 500 °C at 1 °C/min to avoid thermal expan-
sion due to rapid heating. Thehydrophobicitywas calculated bymeasur-
ing contact angle of the coated/uncoated materials by sessile drop
method for contact angle measurement (model: Phoenix, SEO, Korea).
3. Results and discussion
3.1. Raw materials
Fig. 2 shows FESEM image of as prepared GO on stage by drop coat
of aqueous suspension of GO. Fig. 2b shows the morphology of as
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Fig. 2 (continued).
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particle size is around 40–50 nm with smooth and ﬂat overlapping
structure. The inset depicts selected area diffraction pattern which is
typical of few layer with crystalline structure. They were very stable
under electron beam. In order to further investigate the surfacemorphol-
ogy of the sample, non contact mode atomic force microscopic (AFM)
image was recorded.
Fig. 2c shows typical AFM image of GO after coating on freshly
cleaved mica sheets by drop coat technique of aqueous suspension of
GO. It clearly shows ﬂat structure. The size is about a micrometer and
the thickness was measured around 1.87 nm from the height proﬁle
of AFM image.
Thermal stability of graphite, GOandGOPC coatingwere investigated
using TGA in air, as presented in Fig. 2d. The TGA curves of pristine
graphite shows a very negligible weight loss around 1.5% of its total
weight. On the other hand, GO shows weight loss from very beginning
of heating which is due to removal of physically adsorbed water, but
major weight loss is at temperature around 200 °C amounting loss up
to 95% of its total weight. The major weight loss is thought to be due
to pyrolysis of oxygen bearing functional groups associated with GO. It
clearly shows that thermal stability of GO is very less compared to
graphite. Further GOPC coating shows steadyweight loss with tempera-
ture, which is around 43% of its total weight much less than GO. This
shows removal of oxygen bearing functional group after composite coat-
ing. It also shows that thermal stability of GOPC coating is better than
GO.3.2. Electrochemical test results
Electrophoretic deposition of graphene oxide/PIHA on copper
substrate:
At low acidic pH, PIHA with nitrogen containing functionality get
protonated and became positively charged [33].
R N ¼ C ¼ O→ R NHþ ¼ C ¼ Oþ H2O ð1Þ
Due to adsorption of PIHA on graphene oxide, GO became positively
charged and as a result cathodic deposits were obtained from the sus-
pension of GO and PIHA.
When electric ﬁeld is applied, the charged polymeric molecules
(PIHA) along with the GO moved towards the cathode. In aqueous
EPD process, at DC voltage ~ 10 V, water will be simultaneously
hydrolyzing generating H+ and OH- ions and they will move to
respective opposite electrodes. Since rate of discharging of H+ and
OH- at the electrodes will be slower than the rate of accumulation,
local pH near electrode will be changed from bulk pH (pH localization
phenomena) [34–36]. For example near cathode, the pH will be more
alkaline and amino groups of PIHA will be deprotonated, as a result of
which PIHA mediated GO form insoluble deposits on cathode [33].
2H2Oþ 2e→H2 þ 2OH ð2Þ
a b
c
Fig. 3. Surface morphology of (a) green GOPC coating (b) GOPC coating at higher
magniﬁcation (c) GOPC coating after KF-99 treatment.
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Fig. 3 (a–c) shows the surface morphology of GOPC coating at a
constant voltage 10 V and deposition time of 30 s under different
experimental condition. The green and compact deposition of graphene
oxide polymer composite (Fig. 3a) indicates very homogeneous deposit
without any defects and cracks after drying for 24 h. The distribution of
GO in thepolymermatrix is very homogeneouswithout any agglomerate,
which is further evident from SEM at higher magniﬁcation (Fig. 3b).
Fig. 3c shows microstructure of GOPC coating after KF-99 treatment.
KF-99 form very thin transparent organic ﬁlm that binds together
deposited materials including GO. The composite coating clearly shows
excellent microstructure devoid of any micro-cracks. KF-99 is a multi-
purpose silicon ﬂuid used to improve hydrophobicity of the coating
apart from adhesive strength between polymer matrix and the copper
substrate.
Fig. 4 shows the deposition current as a function of deposition
time. It clearly shows that in the beginning current decreased very
sharply in a very short span of time when the voltage is applied and
then reached a stable state at prolonged deposition time. The rapid
fall in current at the initial stage is because of the rapid increase of the
GO concentration close to the cathode due to DC electric ﬁeld. In this
situation, concentration potential [37,38] is developed but direction is
opposite to the applied voltage, ensuing in the slowdown of graphene
oxide movement and hence falls in deposition current. After sometime,0 5 10 15 20 25 30 35 40 45 50
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Fig. 4. Deposition time vs. deposition current.concentration of graphene oxide near the cathode became stable and
deposition current remains almost constant.
Fig. 5 shows deposit weight (yield) per unit of surface area as a
function of deposition time. Initially the deposition weight increases
linearly with time up to about 30 s, after which it is almost constant.
As the PIHA mediated GO gets deposited on the substrate, the coated
sample offers resistance to further deposition and hence deposition
reached a saturation level.
Figs. 6 and 7 show Tafel & EIS plots respectively for the measure-
ment of corrosion resistance of GOPC coated copper substrate in 3.5%
NaCl solution. The Tafel plot (Fig. 6) clearly shows that the GOPC coating
followed byKF-99 treatment results in very small corrosion current den-
sity (3.49 μA/cm2) compared to bare copper specimen (38.25 μA/cm2),
implying much enhanced protection from corrosion. This result is in
good agreement with the EIS results.
Fig. 7 shows the EIS data in a complex plane diagram (Nyquist plot).
The real component (Z′) of the impedance is plotted as a function of the
imaginary component (Z"). The corrosion resistance values for theGOPC
coated copper substrate (Fig. 7c) were found to be much higher com-
pared to the bare copper substrate (Fig. 7a) and copper coated with
only KF-99 (Fig. 7b). It is noteworthy to note that only KF-99 coating is
not at all sufﬁcient and efﬁcient to protect the copper from corrosion
under severe saline environment as shown by EIS data. The corrosion
resistance of the GOPC coated sample is (25 Ω/cm2) which was almost
three times higher than the bare copper substrate (8Ω/cm2).
Fig. 8 shows the FESEM images of (a) copper substrate before corro-
sion test; (b) copper substrate after corrosion test; and (c) GOPC coating
with KF-99 treatment after corrosion test (Fig. 3c composite coating
before corrosion). Fig. 8a clearly shows that the bare copper substrate
is quite uniform and clean,whereas same copper substrate is completely
damaged after exposure to corrosion current in the 3.5% sodium chloride
solution, as is evident by the cracks developed during corrosion testing
(Fig. 8b). Fig. 8c shows themicrograph ofGOPC composite coated copper
with KF-99 treatment after corrosion test. It is evident from the micro-
graph that the coated sample is undamaged by corrosion current during
corrosion testing in 3.5% sodium chloride solution. Therefore, graphene
oxide nanoplatelet-polymer composite coatedmaterials with KF-99 sur-
face shield offer much superior corrosion protection in the environment
containing chloride ions. The contact angle measurement data conﬁrm
hydrophobic corrosion resistance results. The contact angle of bare cop-
per substrate, GOPC coated copper and GOPC coated copper after KF-99
treatment were 70, 100 and 115 degrees, respectively. It clearly shows
that the GOPC coated copper after KF-99 treatment gives best hydro-
phobic water repellent coating to prevent oxidation and corrosion.
This further show that the GOPC coating is strongly corrosion resistant
under service in stringent environmental condition.5 10 15 20 25 30 35 40 45 50 55 60
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Fig. 5. Deposition yield of graphene oxide-polymer composite at 10 V.
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Fig. 8. FESEM images of: (a) bare copper substrate before corrosion test; (b) copper
substrate after corrosion test; and (c) GOPC coating with KF-99 treatment after corrosion
test.
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It has been reported that by incorporatingnitrogen/oxygen containing
functionalities into the polymer, the adhesive strength between poly-
mer and metal can be improved signiﬁcantly [39,40] and speciﬁcally
the hydroxyl and the secondary and tertiary amine groups interact
strongly with metals [41,42]. Kim et al. [43] have studied the interfacial
adhesion of polystyrene (PS)/copper, hydroxyl functionalized (PS-OH)/
copper, and amine functionalized (PS-NH2)/copper and found that
adhesion strength of PS-OH and PS-NH2 are much higher than only
PS/copper. It has been established that good adhesive strength between
metal and polymer is due to betterwetting at the interface and physico-
chemical bond between polymer and metal [44]. It has been reported
that competitive adsorption behavior of two functionalities (−OH
and-NH2) in the same chain onto the metal surface revealed that the
nitrogen containing functionalities were adsorbed more favorably on
themetal surface than oxygen containing functionalities for a particular
system [43].
Based on above reported literature, the plausible mechanism for
highly corrosion resistance coating of graphene oxide reinforced
polymeric isocyanate hydroxyl adhesive and copper substrate is possi-
bly due to improved wetting and formation of metal hydroxide at the
copper electrode surface during EPD [45,46]. Themetal hydroxide inter-
acts with PIHA through amine containing functionality, in which PIHA
acts as an electron donor and OH acts as acceptor and the proton of0 5 10 15 20 25 30 35
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Fig. 7. Electrochemical impedance spectra of (a) bare copper, (b) copper coated with
only KF99, (c) GOPC coated copper after KF-99 treatment.the surface hydroxyl groups of metal hydroxide are transferred to the
basic nitrogen atoms of the adsorbed PIHA molecules and formed co-
ordinate covalent bond. As a result metal hydroxide and PIHA undergo
acid–base reaction [47,48]. The reactionmechanism can be represented
by following equation. Further it can be represented as schematically as
in Fig. 9.
M  OHð Þsurface þ R N ¼ C ¼ O ð4Þ
M  Oð Þsurface þ R NHþ ¼ C ¼ O ð5Þ
4. Conclusions
We have demonstrated a very simple cathodic constant voltage
electrophoretic deposition (EPD) as a technique to fabricate GOPC
coating with thickness 40 nm. The coating has high density, uniform
thickness, devoid of cracks, as a result it has an excellent oxidation
and corrosion resistance characteristics under severe chlorine ion
environment which may open new possibility in applications for the
marine engineering materials which require very high salt resistance.
Post EPD treatment with silicone ﬂuids (KF-99) signiﬁcantly enhanced
the water repellency/hydrophobicity of the coating by forming very
resilient water repellent shield/protective organic layer, leading to
enhanced corrosion resistance. The electrochemical degradation of
GOPC coating is more than three orders of magnitude lower than bare
copper. It has also been observed that only KF-99 coating is not at all
sufﬁcient to stop electrochemical degradation of copper.
The novelty of developed EPD technique is its aqueous based, easy
scalable, environment benign, cost effective and can be grown on large
surface area. The ﬁnding of these results suggests that hydrophobic
oxidation and corrosion deﬁant GOPC coating have great potential as
high performance protective shield for oxidation prone active metalsFig. 9. Schematic representation of proposed reactionmechanism of hydrophobic coating
between PIHA and copper substrate.
481B.P. Singh et al. / Surface & Coatings Technology 232 (2013) 475–481such as copper under seawater/marine environment. The proposed EPD
technique offers the advantages of room temperature fabrication of the
composite coatings.
Acknowledgements
The authors thank theDirector, CSIR-Institute ofMinerals &Materials
Technology, Bhubaneswar, for according permission to publish this
paper. The authors also would like to thank Lokanath Sathua, CMC
department for his help in experimentation. The authors are also equally
thankful to Dr. Sahid Anwar for TEM analysis and Dr. Sanjib Das for use-
ful discussion for establishing mechanism. The authors are also thankful
to CSIR for providing ﬁnancial assistance to project MLP-20.
References
[1] C.M. Santos, M.C.R. Tria, R.A.M.V. Vergara, F. Ahmed, R.C. Advincula, D.F.
Rodrigues, ChemComm. 47 (2011) 8892.
[2] H. Fujimoto, Carbon 41 (2003) 1585.
[3] Z. Xu, C. Gao, Macromolecules 43 (2010) 6716.
[4] A. Lerf, H. He, M. Foster, J. Klinowski, J. Phys. Chem. B 102 (1998) 4477.
[5] G. Eda, M. Chhowalla, Adv. Mater. 22 (2010) 2392.
[6] A.B. Bourlinos, D. Gournis, D. Petridis, T. Szabo, A. Szeri, I. Dekany, Langmuir 19
(2003) 6050.
[7] S. Stankovich, D.A. Dikin, G.H.B. Dommett, K.M. Kohlhass, E.J. Zimney, E.A. Stach,
R.D. Piner, S.T. Nguyen, R.S. Ruoff, Nature 442 (2006) 282.
[8] K.W. Putz, O.C. Compton, M.J. Palmeri, S.T. Nguyen, L.C. Brinson, Adv. Funct.
Mater. 20 (2010) 3322.
[9] P. May, U. Khan, A. O’Neill, J.N. Coleman, J. Mater. Chem. 22 (2012) 1278.
[10] G.E. Padawer, N. Beecher, Polym. Eng. Sci. 10 (1970) 185.
[11] M. Cano, U. Khan, T. Sainsbury, A. O’Neill, Z. Wang, I.T. McGovern, W.K. Maser,
A.M. Benito, J.N. Coleman, Carbon 52 (2013) 363.
[12] L. Valentini, S. Bittolo Bon, J.M. Kenny, J. Mater. Chem. 22 (2012) 21355.
[13] S. Bittolo Bon, L. Vatentini, J.M. Kenny, Chem. Phys. Lett. 494 (2010) 264.
[14] M. Sangermano, S. Marchi, L. Valentini, S. Bottolo Bon, P. Fabbri, Macromol. Mater.
Eng. 296 (2011) 401.
[15] N. Hu, L. Meng, R. Gao, Y. Wang, J. Chai, Z. Yang, E.S.W. Kong, Y. Zhang, Nano-Micro
Lett. 3 (2011) 215.
[16] S. Chen, L. Brown,M. Levendorf,W.W. Cai, S.Y. Ju, J. Edgeworth, X. Li, C.W.Magnuson,
A. Velamakani, R.D. Piner, J. King, J. Park, R.S. Ruoff, ACSNano. 5 (2011) 1321.[17] K.S. Kim, Y. Zhao, H. Jang, S.Y. Lee, J.M. Kim, K.S. Kim, J.H. Ahn, P. Kim, J.Y. Choi,
B.H. Hong, Nature 457 (2009) 706.
[18] C. Kaya, J. Eur. Ceram. Soc. 23 (2003) 1665.
[19] S. Put, J. Vleugels, O. van der Biest, Scr. Mater. 45 (2001) 1139.
[20] P. Sarkar, S. Datta, P.S. Nicholson, Compos. Part B 28 (1997) 49.
[21] S.B. Lee, O. Choi, W. Lee, J.W. Yi, B.S. Kim, J.H. Byun, M.K. Yoon, H. Fong, E.T.
Thostenson, T.W. Chou, Compos. Part A 42 (2001) 337.
[22] I. Zhitomirsky, Mater. Lett. 42 (2000) 262.
[23] C. You, D.L. Jiang, S.H. Jan, Ceram. Int. 30 (2004) 813.
[24] L. Vandeperre, O. van der Biest, Silic. Ind. 63 (1998) 39.
[25] P. Nicholson, P. Sarkar, O. Prakash, G. Wang, Ceram. Trans. 46 (1994) 533.
[26] C. Kaya, F. Kaya, B. Su, B. Thomas, A.R. Boccaccini, Surf. Coat. Technol. 191 (2005)
303.
[27] A. Yanagida, Y. Nakajima, N. Kameshima, T. Yoshida, K. Watanabe, K. Okada,
Mater. Res. Bull. 40 (2005) 1335.
[28] A.M. Peiro, E. Brilla, J. Peral, X. Domenech, J.A. Ayllon, J. Mater. Chem. 12 (2002)
2769.
[29] A.R. Boccaccini, J.A. Roether, B.J.C. Thomas, M.S.P. Shaffer, J. Ceram. Soc. Jpn. 114
(2006) 1.
[30] L. Besra, M. Liu, Prog. Mater. Sci. 52 (2007) 1.
[31] S. Park, J.H. An, R.D. Piner, I. Jing, D.X. Yang, A. Velamakanni, S.T. Nguyen, R.S.
Ruoff, Chem. Mater. 20 (2008) 6592.
[32] B.P. Singh, S. Nayak, K.K. Nanda, B.K. Jena, S. Bhattacharjee, L. Besra, Carbon
(2013), http://dx.doi.org/10.1016/j.carbon.2013.04.06.
[33] B.P. Singh, S. Samal, S. Nayak, S.M. Majhi, L. Besra, S. Bhattacharjee, Surf. Coat.
Technol. 206 (2011) 1319.
[34] L. Kreethawate, S. Larpkiattaworn, S. Jiemsirilers, L. Besra, T. Uchikoshi, J. Eur.
Ceram. Soc. 30 (2010) 1187.
[35] M. Mishra, S. Bhattacharjee, L. Besra, H.S. Sharama, T. Uchikoshi, Y. Sakka, J. Eur.
Ceram. Soc. 30 (2010) 2467.
[36] P.C. Rath, B.P. Singh, L. Besra, S. Bhattacharjee, J. Am. Ceram. Soc. 95 (2012)
2725.
[37] M. Meyyappan, J. Han, Prototype Tech. Int. 6 (1998) 14.
[38] D.U. Chunsheng, D. Heldebrant, N. Pan, J. Mater. Sci. Lett. 21 (2002) 565.
[39] G. Xue, J. Dong, J. Zhang, Macromolecules 24 (1991) 4195.
[40] J.M. Burkstrand, J. Appl. Phys. 52 (1981) 4795.
[41] G. Xue, J. Dong, Y. Sun, Langmuir 10 (1994) 1477.
[42] N. Inagaki, S. Tasaka, M. Masumoto, Macromolecules 29 (1996) 1642.
[43] D.H. Kim, K.H. Kim, W.H. Jo, J. Kim, Macromol. Chem. Phys. 201 (2000) 2699.
[44] L.H. Lee, Fundamentals of adhesion, Plenum, New York, 1991.
[45] B.J.C. Thomas, A.R. Boccaccini, M.S.P. Shaffer, J. Am. Ceram. Soc. 88 (2005) 980.
[46] L. Veleva, P. Quintana, R. Ramanauskas, R. Pomes, Electrochim. Acta 41 (1996)
1641.
[47] G. Ramis, G. Busca, J. Mol. Struct. 193 (1989) 93.
[48] W.B. Fischer, H.H. Eysel, J. Mol. Struct. 415 (1997) 249.
